Microsphere resonators, i.e., photonic atoms, have found wide area of application in optical spectroscopy, quantum optics, cavity QED, switching, and sensing. Photonic atoms have unique optical properties such as high quality factor (Q-factor) morphology dependent resonances (MDR's), and relatively small volumes. High-Q MDR's are very sensitive to the refractive index change and microsphere uniformity. These tiny optical cavities, whose diameters vary from a few to several hundred micrometers, have resonances with reported Q-factors as large as 3x10 9 . Due to their sensitivity, MDR's are also considered for biosensor applications. Binding of a protein or other biomolecules can be monitored by observing the wavelength shift of MDR's. A biosensor, based on this optical phenomenon, can even detect a single molecule, depending on the quality of the system. In this work, elastic scattering spectra from photonic atoms of different materials are experimentally obtained and MDR'S are observed. Preliminary results of unspecific binding of biomolecules are presented. Elastic light scattering spectra of MDR's for biosensor applications are calculated numerically for biomolecules such as Bovine Serum Albumin (BSA) and for Deoxyribo Nucleic Acid (DNA).
INTRODUCTION
Microspheres are ideal optical microcavity resonators due to their high quality Morphology Dependent Resonances (MDR') [1] . Numerous potential applications have been realized by using microsphere MDR's. Among those applications are microlasers [2] , narrow optical filters [3] , optical switching [4] , ultrafine sensing [5] , displacement measurement [6] , rotation detection [7] , high-resolution spectroscopy [8] , and Raman sources [9] .
The field of optical biosensors is rapidly evolving due to the need to overcome the limitations of the amount of material to be detected [10] . Optical microsphere resonators with high Q-factor MDR's can be used as sensitive biodetectors. These extraordinary Q-factors, reported as large as 3x10 9 , translate directly to high energy density and narrow resonantwavelength lines [11] . The sharp optical resonance of microsphere provides exceptional resolving power, down to submonolayer molecular adsorbate level. By affixing the appropriate proteins and DNA molecules to the surface of the microsphere, and measuring the Q-factor and observed shift in the resonant peak locations, the biomolecules sticking to the surface can be characterized [12] .
A biomolecule such as a protein that resides in the evanescent field of MDR's can absorb light, thus influencing the MDR's [13] . The shift of MDR's by protein adsorption onto microspheres is demonstrated and modeled as a first order perturbation [4] . The red shift of resonance wavelengths is used for high sensitivity label-free DNA quantification [14] . By measuring the shift of the MDR locations, it might be possible to detect the binding of the molecules to the surface of the microsphere. Recently, we have studied the possible use of microspheres as biosensors [15] . Figure 1 depicts the schematic of the proposed method with the original microsphere (a) spectrum and (b) the final shifted microsphere spectrum with the attached biomolecules. Additionally, there is a great need for inexpensive and robust material based biosensors to be used outside the laboratory [16] . In this paper, a theoretical analysis of elastic light scattering from silica microspheres is presented. We investigate the feasibility and sensitivity of detecting and monitoring molecular adsorption using OFHC-microsphere coupling miniature biosensor. Silica microspheres immersed in water are excited using off-axis Gaussian beam. Both transverse electric (TE) and transverse magnetic (TM) elastic light scattering spectra are calculated. Furthermore, the wavelength shift of the MDR's for biosensing applications are analyzed based on generalized Lorenz-Mie theory (GLMT).
MORPHOLOGY DEPENDENT RESONANCES
The MDR's of the microsphere can be understood using geometrical optics. As the light propagates around the microsphere, it is confined by almost total internal reflection (TIR). 17 After circumnavigating the microsphere, the light wave returns to the original starting point in phase to interfere constructively with itself. This constructive interference can occur only at certain discrete MDR wavelengths. 18 Each MDR is characterized by a mode number (n) and a mode order (l). Physically, (n) indicates the number of nodes in the internal intensity distribution as the polar angle is varied from 0 o to 180 o . The mode order (l) indicates the number of nodes in the internal intensity distribution in the radial direction. For each set of mode number (n) and mode order (l), there is a transverse electric (TE) and transverse magnetic (TM) MDR. For a given microsphere, the MDR occurs at specific value of the size parameter, x n,l , which is given by 2πa/λ n,l , where λ n,l is the light wavelength in vacuum and a is the radius of the microsphere. These MDR's have been verified experimentally at optical wavelengths with micrometer-sized spheres. The greatest impediment to the use of microsphere resonators in practical devices has been the difficulty of efficiently light coupling into and out of the spheres. To couple light into or out of the microsphere, it is necessary to overlap the evanescent field of the MDR with the evanescent field of the TIR. Such coupling has been implemented, by the use of thin tapered optical fibers, planar waveguide couplers, side-polished optical fibers, or high-index-prisms. If a microsphere is placed near the angled surface, and within the evanescent field of the fiber-optic core, then there is an efficient energy exchange in resonance between the waveguide mode of the fiber and the MDR of the microsphere.
GENERALIZED LORENZ-MIE THEORY
Rays or beams propagating around the microsphere confined by an almost total internal reflection (TIR) creates MDR's [20] . After rotating around the microsphere, the beam returns to its initial position in phase. The beam approaches the internal surface of the microsphere beyond the critical angle, and so it is almost totally reflected. It takes longer for the energy of a MDR to leak out of the microsphere, and extremely large energy densities can accumulate in the MDR. MDR frequencies (or wavelengths) depend on the size, shape, and refractive index of the microspheres [21] . The MDR's of a microsphere are analyzed by the localization principle and generalized Lorenz-Mie theory (GLMT) [22] .
Each MDR is characterized by a mode number (n) and a mode order (l). The angular mode number (n) gives the number of maxima between 0 o and 180 o degrees in the angular distribution of the energy of the mode. The size parameter x is defined as 2πa/λ, where λ is the wavelength in the surrounding medium, and a is the radius of the microsphere. The spectral wavelength separation (mode spacing) between the adjacent MDR peak's with the same mode order (l) and consecutive mode numbers (n) is approximately given by ∆λ = λ 2 arctan(m-1)
), where m is the refractive index of the spherical particle [23] .
THEORETICAL CALCULATIONS
Elastic light scattering calculations are based on the geometry shown in Fig. 2 . A silica microsphere (with refractive index of 1.5) surrounded with water (with refractive index of 1.33) is placed on an optical fiber half coupler (OFHC), and the 90° scattered and transmitted signals can be detected. A tunable laser can be used to excite the MDR's of the silica microsphere [24] .The estimated spectra at scattering angles of 90 o and 0 o (forward scattering or transmission) are shown in Fig. 3 . Generalized Lorenz-Mie theory (GLMT), which is a direct extension of the methodology of plane-wave Lorenz-Mie theory, describes the electromagnetic scattering of an arbitrary light beam by a spherical microparticle [25] . For the calculations, the beam in the OFHC is simulated by a Gaussian beam (with an infinite skirt length and a beam waist with a half-width of 1.5 µm) propagating just at the edge of a silica microsphere. The calculation is performed for a scattering angles of 90 o and 0 o (forward scattering or transmission). The TE and TM polarized elastic scattering spectra calculations are performed for a silica microsphere with a refractive index of 1.5, in the wavelength range of 1530 -1560 nm and with a resolution of 0.01 nm. The radius of the microsphere is taken as 20.00 µm (coated only with the capture layer) and 20.01 µm (coated with the capture layer and the biomolecule of interest) to investigate the influence of size change in the elastic scattering spectrum. The increase in the size represents affixing of the biomolecule of interest, e.g., protein or DNA molecules. From a geometric optics point of view, enlarging the radius of microsphere will result in increasing the optical path of waves inside the microsphere; therefore, resonance condition will be satisfied at longer wavelengths, which will cause a red shift of the elastic scattering spectrum. If there is less coverage of the biomolecule of interest (e.g., a typical 10% coverage), the relative shift will be 10% of the expected shift, which is still one order of magnitude bigger than the resonance linewidth. If there is less coverage of the biomolecule of interest (e.g., a typical 10% coverage), the relative shift will be 10% of the expected shift, which is still one order of magnitude bigger than the resonance linewidth. 
CONCLUSIONS
Theoretical results for elastic light scattering from silica microspheres are presented. Transverse electric (TE) and transverse magnetic (TM) MDR's can be used separately and can be selected with the use of a polarizer. The change in the signal levels can either be detected in the 0° forward scattering, i.e., transmission or in the 90° elastic scattering. In conclusion, silica microspheres with their high quality factor MDR's show promise for biophotonic molecular detection applications.
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